A PHASE -SENSITIVE 
SERVOMECHANISM FOR THE 
M. I. T. NETWORK ANALYZER 



BY 

BILLY FRANK SEEGFR 
JOSEPH HARDIN THORNTON 




The-sis 

S408 










^ • * -• 






A PHASF.-SF.* SITIVE S^'RV'JMFGHA IS 1 FOR THE 
I- T. N l '.TV0*v AFALYZFR 



Py 



Billy Frank Seeger, Lieutenant, U. S. Navy 
B.B., U. S. Naval Academy 19^3 

Joseph Hardin Thornton, Jr., Lieutenant U. S. Navy 
B.S. Webb Institute of Naval Architecture 19*0 



Submitted in Partial Fulfillment 
of the Requirements for the 
Degree of Naval Engineer 



From The 



Hafiauohusetts Institute of Technolog-y 



Cambridge, Massachusetts 
May 19, 1950 



Professor J. S. Newell 
Secretary of the Faculty 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 

Dear Sir: 



In accordance with the requirements for 
the Degree of Naval Engineer, ve submit herewith 
a thesis entitled, H A Phase-Sensitive Servomechanism 
for the M. I. T. Network Analyzer. * 

Respeotfully , 



Billy F. Seeger 
Lieutenant 
U. S. Navy 



Joseph H. thornton, *7rT 

Lieutenant 

U. S. Navy 



12865 



Acknowledgments 



The authors wish to express their appreciation to 
Nr. Alexander Kusko for hia advice ^na encouragement, and 
to Mr. D. L. Noiseaux, Mr. L. C. Smith, Mr. V/. R. DeHart 
and Mr. P. E. Smith for their helpful suggestions. 



labl* of Contents 



Chapter I Summary 1 

Chapter II Introduction 7 

Chapter III Procedure 11 

Specifications 11 

Phase-Sensitive Device 12 

Input Signal Device 16 

Choice of Drive l?otor 16 

Amplifiers • 19 

Stability 22 

Chapter IV Results 26 

Chapter V Discussion of Results 30 

Chapter VI Recommendations 33 

Chapter VII Appendix 34 

A. Electronic v'attraeter 

Circuit y\ 

B. Frequency Response Tests 44 

C. Use of a Tvro-Phsse Kotor 4 6 

D. Effeot of Unbalance In 

Phase-Sensitive Rectifier 49 

E. Sample Calculations 51 

F. Typical Data 55 

Chapter VIII Bibliography 57 



I . Summary 



The object of this thesis Mas to design a servo- 
mechanism to set the phase-angle of the output voltage from 
a network-analyzer phase-ehlf ter and t-> maintain this pha6e- 
anple during varying load conditions. The phase- angle of the 
output voltage from the phase-shifter Is dependent on Its 
rotor position and the load current. The phase-sensitive 
servomechanism will maintain the desired phase-angle of the 
output voltage by continuously oontrollinc the shaft position 
of the phase-ehlf ter aG changes in reouired angl® or load 
current occur. 

The basic design of the servomechanism is illustrated 
In the block diagram of Figure I. The clrouit diagram of the 
most oaticfu-ctory design achieved is shown in Figure IX. The 
units Included in this design are as follows: 

(1) A phase-sensitive rectifier which functions a a 
the error-sensl tive device. 

(2) A voltage-ampli 'ier stage to amplify the error 
signal and to drive the grids of the power 
amplifier. 

(3) A power amplifier t ? control the field current 
of the generator In the V'ard Leonard drive 
system. 

(A) The Ward Leonard drive comprising a generator 
and otor of identical ratings and a single- 
phase induction drive motor. 
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(5) A synchro- transformer to supply a oonparlng 
signal to the error-sensitive devloe. 

(6) A compensation system which vus in tvo sections: 
a lag network and a n^ativ® feedback of a part 
of the armature terminal voltage. 

Since the synohro- transformer used to obtain a 
comparing signal is essentially a miniature of the phase- 
ohlfter used in the network analyzer, a basic asrumption of 
the design is that while the phase-shifter load may vary, the 
load on the synchro-transformer will remain constant; thus, 
the phase of the voltage output from the synchro will be a 
function of the rotor position only. 

The original system which was constructed involved 
the use of a ehunt-f leld-controlled drive motor. Tecta on 
this unit indicated that a chan' e In gear ratio is necessary 
to ootain a satisfactory toroue oonstant with adequate sys- 
tem stability. 

As an Interim measure, the ehunt-f ield-oontrol 
motor vra6 replaced by a V'ard Leonard drive system as indi- 
cated in Figure II, in order to achieve a stable system with 
a suitable torque constant. The results of performance tests 
on this unit indicated the following: 

(1) The maximum deviation from the set phase -angle 
under varying load conditions %/as 1.3°. 

(2) A drift run under constant lnout and load condi- 
tions 6howed a maximum drift of -0.5° to+0.2° over a period 
of one hour. 
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Although the design Is not sufficiently complete 
to permit ltc Installation In the Network Analyser, the 
above results demonstrate the practicability of the basic 
design. Recommendations are made in the body of this 
rejjort which will permit the use of the preferred shunt- 
field-control drive motor and Improve the accuracy to 
that required by the Network Analyzer. 
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FiqURE I 

BLOCK. DIAGRAM 

a f 

PHASE - SENSITIVE SERVOMECHANISM 
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List of Parts for Circuit of Figure II 



R 1 


225C ohme 


r 9 


20,000 ohme 


B 2 


-*5000 


n 10 


1000 


B 3 


75000 


R 11 


10 


\ 


3 x 1C 6 


B 12 


100 


R 5 


UU0.000 


*13 


200 


*6 


3000 


V 


10,000 


R ? 


5000 


R 15 


2100 


C 1 


6 uf. filter condenser 






c 2 


10 uf. 






c 3 


10 uf. 






Txl 


1:1 Transformer 




, 


Tx2 


2:1 Stepdovn Transformer 






VT1 


6L 6 Beam Paver Amplifier 


VT3 


6SL7-OT High Hu Twin Triode 


VT2 


6H6 Tv in diode 


VX4 


6L6 Beam ?o rr er Amplifier 


form 


Gear 100:1 







Generator: Split field, 110 v. D.C. , 0.5 a., 50 watte 

!>rive I'otor: 110 v. A.C. 

Servo-motor: 110 v. D.C., 0,5 a., 50 vutte 

Phase-Shifter: Series conn. Bated 1 arap, 70-^10 volte 

Parallel conn. Rated 2 amps, 35-205 volts 
Synchro- transformer with manual rot or- positioning; glaring, 
10:1 ratio. 
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II. Introduction 



M ?he network analyzer consists of an assemblage 
of resistors, reactors, capacitors, tap-chan^in# auto- 
transformers and phas*~3hlf ters; a 3yetem of buses for the 
interoonneot ion of these elements to represent (on a one- 
phaee line- to- neutral basis) power systems or other eleotrio 
ciroults; and a measuring system for reading currents, 
voltages, phase-angles, and active and reactive power values 
within the network. .. .In general any network vhoee number 
of elements falls vzlthin. . . the limits of the analyser... 
can be represented with a completeness adequate for engineer- 
ing studies. rt » 

By the representation of complex networks on an 
analogue basis, the network analyzer permits the solution 
of problems in electric power transmission, the analytical 
solutions of which are so tedious as to be impractical. 
Synchronous machines in the system are represented by- 
several typ«B of phase-shifting transformers. 

In general a synchronous machine in a network can 
be represented with sufficient accuracy by the equivalent 
circuit of Figure III. 

Being the conventional transformer equivalent 
circuit to represent the particular type of network analyzer 
phase-shifter for whioh the eervome chan ism was designed, the 



# Quoted from Reference (10) 
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basis for representing ‘he synchronous roach, nes by ph. te- 
shifters can be explained. 



k. «; 

mnrrr . . 




Fig. Ill 

Equivalent Circuit and Vector Diagram 
for the Synchronous Machine 



For the phase-ahifter (see Fig. IV), the phase 
of E, the voltage induced in the single-phase stator b' the 
rotating air-gap field of the rotor, will depend on th<. posi- 
tion of the rotor. The terminal voltage of the phase-shifter, 
V2» will hov;ever, vary in magnitude and phase with the :.oad 
ourrent,. 



a. 



’ b 



'Prnnrrr^ 








E 



'2 



X ' 



x r 



Fig. IV 

Transformer Equivalent Circuit for the 
Phase-Shifter 

- 3 - 



it th<* phuse-ahlf ter for ^ x^rticul r voltu,:e t ^oth 

in magnitude ana phase), the tenrlns.! voltage, V^>, curt 
represent the output voltage, V t , of the synohron me oa- . la® 
of FI ure III. If it u.?con'’E d^slruoj.® for stability stodiey 
to represent the v>ltc.ge, , of Figure III, then V 2 oun 
repr®s®nt this voltage and the synohron )uc reactance, x«, , 
can be represented by appropriate static units in the net- 
work -analyzer. 

When one considers that as many as sixteen vener- 
ating stations may be represented on the analyzer, and that 
the particular rotor position and v.jltcu.p t,.u setting of each 
phace-ehlf ter is influenced by the settin of all other units, 
it becomes evident that the adjustment of all phaue-shlf t^rc 
to obtain a given set of boundary conditions, vill be a tedi- 
ous trial-anu - error process. Thuo a orlia.ry function of the 
phase-sensitive servomechanism is to set a particular phase- 
angle hich v/111 remain constant as the oth®r parameters are 
adjusted. A second and, perhaps, even more important function 
of the phase-sensitive servomechanism ie to extend the scope 
of the network analyzer to handle studies of traori<»nt problems 
which would require that the boundary conditions b® varied 
continuously in some prescribed manner. 

For example, the design of ~ commuter foi* solving 
transient atabillty proble. on the Network Analyzer ha? been 

17 > 

veloped concurrent!'' it- .his design. Aefumlng a con- 

# Superscript s refer to references as listed in the uiullo ruphy . 
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. 



fit ant prine-mover >cr er, this conput^r neasures the electrical 
output of the generator under suddenly applied lo^d conditions 
and conputes the change In phase-anal e which will result. The 
outoot of this unit, in the form of a abaft rotation, could 
be used to position the input synchro of the phase-sens! Civs 
servomechanism and thus produce a continuous s jlution to a 
problem vhioh no*' can only be handled by a tedious hand calcu- 
lation and a polnt-by-point set up of the phase-shifters. 
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III. Procedure 



The preliminary step the tie termination of tne 
speoificati one which the final dealjsrn should rn<=.e t. fro- an 
investigation of toe network c-naly^er p^afle— shifters ^nd the 
'tanner in which they are used, the folloriru design specifi- 
cations \ ere s t; t.iLlished: 

(1) The overall aocarac^ of the completed design should 
allow less th^n g_0.5° error un, «r extreme conditions of load- 
ing. This requirement wig based on the present expected 
accuracy attained by measuring ph._ee- angles with a calibrated 
phase- shifter. 

(2) The system should be free from appreciable drift 
under steady- state conditions to avoid frequent calibration. 

(3) The design must utilise existing phase- shifters in 
the network analyzer .u nC should be compact an: of such a 
nature es to allot* easy and satisfactory incorporation int j 
the network analyzer. 

(b) The loading effect of the servomechanism on the 
phas e-shifters should b® negligible. 

(5) The 3ervo"»ech& .isn should bo stable uiv er all con- 
ditions. bince the expected rate of change of input phase 
was cult? small, no specific criterion was ee tabl ished for 
error under constant-velocity input. 

(6) Th* 5 servomechanism should be relatively insensitive 
to changes in voltage magnitude. 
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V'lth these design specif ications in mind, the develop- 
ment of the following components was considered: 

(1) A device to furnish the required Input signal. 

(2) A comparing device which would compare the o itput 
from the phase-shifter with the Input signal and supply an 
error signal. 

(3) Amplifiers t3 control the drive motor in accordance 
with the error signal. 

(d) A drive motor to position the phnse-shlf ter rotor 
In accordance with the Input signal. 

(5) Compensating devices to obtain the required stability. 

An Investigation of the means at hand for measuring 
phase-angle was first undertaken. The method utilised at 
present in the network analyser is to null the unknown voltage 
against the output from a calibrated phnee-shlf ter. While 
this method If highly accurate and furnishes an alternating 
ourront signal susceptible to easy amplification, its uee \ ith 
any sort of direct-current drive system appeared impractical, 
for the following reasons : 

' 1 ) Any difference in magnitude of the two voltages 
compared would appear as an error signal pyen if the two 
voltages were in phase. 

(2) Distortion of the rave foroc would produce an error 
signal even though th* fundamental voltage waves were in phase. 

( 3 ) A phase-sensitive circuit would be necessary to ob- 
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tain dir^otlonal-seneit lve signal. * 

0 

The accuracy obtained by Jacobsen" Kith his phase- 
an le meter l r d to a consideration of his circuit an an error- 
sensitive hevioe. Suffice to say, that considerable modifica- 
tion of hl6 cirouit would be required to obtain an error signal 
The most straight- f orvard modification which occurred to the 
authors Involved the use of a phase-sens i.tive rectifier circuit 
fhe primary purpose of the phase-meaeurirw device 
for the particular application intended v r as to furnish a zero 
signal for zero error. The reform, it war ceclded that a phase- 
sensitive rectifier, which would in both of the above cases be 
required to obtain a directional sensitive signal, could be 
used alone if the proper type of incut signal vers chosen. If 
preliminary teste should prov •» th* t .-h- ce-°ens it lve rectifier 
Inadequate, lie accuracy as an e.rror-m^aeuring means night b* 
improved by some of the techniques used bv Jacobsen. 

for simplicity of explanu tion , the half-v'av© diode 
phase-sensitive rectifier circuit of Figure V will be utilized. 



* A method is described in the Appendix of utilizing an A.d 
(two-phase) servomotor which avoids these objections which 
aooompany the E.C. drive. This method sugpeft^d itself to 
the authors only after work, had been completed on the D.C. 
drive system. Hence, due to time limitations, it vrae not 
investigated experimentally. 
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M't 

c 

r e -wmm-* 

- j f _ 

fig:, v. 

une that the reference voltaf*** above is constant 
in pht»e-angle. is a cent pr-tapoe< transformer such that 

voltage, TC, in eoual in magnitude t > volt are, Uc. Tne 
voltages, and V^, applied to th^ tvj rectifiers * r ill then 
bp en’ial in nituhp as shown in tne solid-line vector diagram 
01 - Igure VI, if thr voltage acT in 90° out of phase vith the 
r^fer^nce volts*.;*. V/ith these e * uai voltages, 



INPU t 

VOl-TA^L 



Ass 



t pot 

v-c lI 




Fig. VI 
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and V 2 , ap lieu to the rectifier portion of the olrcuit, 
the D.C. output voltages vill be zero for input voltages 
90 ° out of phase, regardless of their respective magnitudes. 
Assuming, for the moment, that the voltages, &b, 
be*, and txT, are constant In magnitude, the variation of volt- 
ages, V ( and V, , as the phase angle departs from 90° by a 
small angle, Q, can be observed, deferring to the daahed-llne 
vectors , Figure VI 



^ I - i T53T eos£ h jT5c e JTxT 8ino| 



"ST coaS +- Jba - JbcT olnP 
Since 1 bn I * | bo I 



V 1= | brt 2 -V- bo 2 f aBo-Bd 8ln« 



| (1 r sin«) E3 2 -t- TSo 2 ) 



ES 2 - 'So 2 



sine J ^bd 2 + bc 2 j 



For email anglee: 



v\ - V, 



iBS.'K 

—y T 

b(T~ -r bo ~ 



«. t 4_ 2 be • bd . £ 



(1) 

( 2 ) 



bT f b? 2 




2bcM52T. 0 



b&~ t- be 



From Equation (3) It can be seen that: 



( 3 ) 
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(1) The D.C. output volta-e, v r hloh ie proportional to 
I V l( -|Vp|, 1 b proportional to Q for small departures from 
the 9o° phase position. 

(2) The magnitude of the output voltage per decree 
departure from 90° is limited principally by the friauller 
of the tvo voltages, *5c or H, if their magnitudes differ 
appreciably. 



as an error-Eie&Burlny device, the inmt must consist of a 
voltage of the sane frequency as the reference; it must also 
be easily varied in phase. A simple moans of obtaining this 
ie through the use of a synchro- tr .ns former uith thrce-phj.se 
excitation. If the load Ip knot cnrtant, the phuee- angle 
of the output voltage is a function of th* rotor position 
only. To insure a constant load, a buffer* amplifier ’.uc in- 
serted betrsen the synohr-5- transformer and the sence-ae tec ting 
rectifier as eho* r n in Figure VII. 



In order to utilize such a s^nse-eetr c tin< rpetifier 




IX 



\ ship re 



! W-r 



T«.' NfTvvo < K 
A^i^uV tCR, 



3* 

i r«AN^>For?^CR 



M i- 




— i. -L _ _ 

sensc - oerereTiM^ 

ReCTlPiC!?. 



r 



TaAs,i,roRMCR 



F uone Vll 
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PLA-T2 I 



Synchro-TrenafopKnp with 
^otor-Positlouinr 3y*t«a 



input synchro rotor- positioning' c?i \1 indicator 
is Ccilibru red in ouch a anner th*.t t :e synchro out ju 1 volt~j* 
is 90 ° from the (. ial setting. 

Of the several typer of c pnse-detecting rectifiers 
similar in principle to the fculf-v^ve di>1e circuit described 
above, the full- ,T ave diode circuit vac decided upon for the 
folloving reasons: 



(1) The use of diodes reduces the possibility of drift 
because of their more stable characteristics. 

(2) The full— vave rectifier produces less ripple for a 
given filter circuit. The ripple voltage must be 
reduced to the point that A.C. saturation of the 
D.C. amplifiers (vhich amplify the error signal) 
does not ooour. 

The circuit diagram for th^ full-wa.ve diode e^nse- 
detectlng rectifier appears in Figure VTII. 



v 

Neur 

PHHbt. - bHirTcR. 




FROM 

TKAKjroitNvfs. 



FiQuue viii 
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Having selected the error-sensi lve element, the 

next step vas the selection of a servo-drive Bye ter.. \ >rk 

2 

done by lf ayer and Liodt In their thesis Indicated that the 
torque of the oh-ne-shlf ter underwent a variation with rotor 
position vrhlch oae unpredictable. The greatest: torque that 
they treasured was about 2 ft. lbs. and this figure w^s used 
in preliminary estimates of steady-state error. Of greater 
value in ohoosing the motor to be used was the fact that they 
had used a 1/50 H.P. motor with a 60:1 gear reduction to posi- 
tion one of the netvrorlc analyzer phase-shif terG with satis- 
factory results. 

The desirability of compactness indicated the use 
of a D.C. motor with shunt-field control or a P.C. motor ™ith 
armature control. Hie shunt-field-oontrol motor was ohoe«n 
because relatively low power tubes could be used In the power 
amplifier. In addition, while ehunt- field control oan be pro- 
vided by a simple push-pull amplifier, the use of a bridge 
circuit is indicated to obtain armature control and the prob- 
lems of direct current stability of the amplifiers are treater. 

It was considered that the advantage of a more stable 
amplifier system more than offset the disadvantage that u sep- 
arate constant current source would be reauirec for th^ shunt- 
f ieid-oontrollecl motor. 

In view of the above disouoslon, it uas decked th^t 
the 50-watt shunt-field motors available in the Dervomechanieme 
Laboratory would be satisfactory for experimentation. The re- 
T»w.ir»der of the design vas predicated on the use of one of the e 
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puts: II 

Ffea0a-Sfclft«r a and 



Drive -«totor 



motors vith a t e^r reduction of 100:1. 

At this point it beoame possible to oonctruot u 
block diagram of the proposed syo tem which ald»d in further 
analysis. (hep Figure Ik.) 

Calculations (see Sample Calculations, Appendix) 
indicated that at least tvo stages of D.C. ampllfioati on would 
be required following the pha3e-f?enBitive rectifier in order 
to obtain the desired torque constant for the system. For the 
voltage amplifier, a 6SL7 tube vaa chosen ^nd arranged in push- 
pull with one grid grounded as shown in Figure It. The expected 
gain for this stage about 40 volte per volt. 

For the cower amplifier, one of the power amplifiers 
used in the Servomechanisms Laboratory was used after some 
slight nodi float lone had been made to adapt it to the olroult. 

In this amplifier tvo 6L6 tubes in parallel 3upuly each half 
of the motor field current In a push-pull arrangement. For 
quiescent conditions, with the current in each field of tie 
sane magnitude, the flux of one field is op >o8cd by the flux of 
the other field, giving a net field flux of zero. When an 
error signal io apolied, the current in one field Increases, 
and that in the other, decreases. Thus is applied a net control 
flux proportional to the error-signal both in magnitude and 
direction. 

In the provision of a constant current couroe for the 
armature, advantage was taken of the tube characteristics of 
the type 6L6 beam power amplifier tube. The relatively larpe 
current requirements of the armature led to the use of six 6bo 
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Block Diagram of Proposed System 
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phase-shifter and associated gear 
viscous friction coefficient 




+ IIS 
o— 




FIQURE X 

CONSTANT CURRENT SOURCE 

TO 

Supply motor armature current 



~-i~ 







tubes la parallel ar, s “o* n In r' igure X. ('i^o a is , ample 
Calculations in Appendix.) 

boon conclusion of the prellmln ry calculations, 
construction of the various components vae L,egun. To permit 
ease of alteration an; 4 to auvo time a "bread-oo^rc ' tyoe of 
construction vae used for most of the elements. Only uali- 
tutive performance tee to v?re mane on the elements oefore 
the loop ws clooed since It expect °d that chanf.ee would 

oe necessary as more knowledge ric gained of the nyowen per- 
formance ae a unit. 

Vhen the loop yj. a closed, the eye ten vafi unstable, 
oscillatin' at about 100 cycles per minute. A variac 
inserted In plo.ce of the input synohr'v- transformer to a*»rve 
ua « variable gain control, and the gain v*s reduced unti^ 
stability "a 8 attained. When stabilised by this method, how- 
ever, the toi-’ue constant vae so lo ,f that the eyst^ >^p 
relati/ely usel pes and it became evident th.it oonuensatlon 
would oe re ulrcd. An investigation of the gain actually 
be ins ceveloped by the D.C. amplifiers dlsclooed that only 
ah )ut 10 volts per volt vae aeing obtained although the cir- 
cuit had i.ppn designed to give b gain of about 2 • > 0 . After 
oh*-'C In the un^llflrrs to determine the source of trouble, 

It « p ivB f -and that the ripple ooapon®nt of t h* output : rom 
the ph x i ft It ive rectifier v^p excessive -^nc v/, A e educing 
saturation of the D.C. amplifiers. The excessive ripple, 
cc .pled -*lt v the high quiescent potential us^d In h* : tor 

field colls also caused th^ field coilr ti arc to ground. 
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fh° follcr/ln corn otive measures ere taken 



( 1 ) "'bp capacitance of the filter c ndpnspr ,r .£> 
lncr^-eao to r*duc* the rip. le. 

(Z) The . C . ltd •■or fi^ld \*ae rewound ueirur a tetter 
type yl' Inol-itloi. 

A.fter tb^ne st^pa bad open taker, m Invcotl i * S on 
of possible mthods of coT-oen ating th* nye ter - ^ b^roiu 
’'bile g. frequency res 'unfle test T 'ould u ve bee Uh® no^t 
s vrai^ht-Jor ui'^ nethod (epp A* -end.!:' for ^eth^cl), the c Hi- 
st rue lion of adf.lt tonal e-uipy^nl vould 'l'ivp been repaired 
for vhlch tine not available. In -id- It Ion cert .in in- 
'rov wntF su; > f. tef i.hen^rlvps vhlch ehoulc be acco r ' lich^d 
r fore a fr° lency re eonre t®et Is rvr.p. 

•rri n urp I*: 








i 



(m 



fr(r r) ► r f > 



S (T^S r 1 )(C-R tl) 



^-here - 






For b 



0 
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\ _ y _ <5> 

* -t ' V r f 



the gam of the shunt- field-control system 

reduced until the system was satisfactorily stable, the gain 
t V,ugh the demodulator and amplifiers , represented In Eoua- 
tlon W by iflifc va. approximately 2.0 mllllampc per degree 

or error. plot, Figure XIL) Substituting this value in 

Eauatlon (5), together with the motor torque constant K m ' 77 

ln . M . oer ampere and the gear ratio, r - 100 and solving for V 

Rl ves K - 2.0(100)77/1000 a lM.k ^.ot. per degree. 

By taking a frequency response test on the syat 

, network It raav be possible to lnorease 
and inserting a lag network, n m-y 

,,o^. -« * . «*” - - “ a “ 

the torque constant. in inor.oee In >««“• 

W to. ot. per degree ^ MB ° 

over 2 depreee for the assumed load torque o f 3» !»• 

.... concluded, therefore, that .deduct. oonp.»..«°» o 

existing - - *““• “™ * P ‘*“ 1V ' 

i raore promising method of Improving «■« P-nfo-no. 

„ f tn- 1- *> 1»"“* “* *»' W “““ 

.but Increasing the peer ratio bp . t»«« 

It oan be seen f lr , vlthout ehang- 

of ten in the unpllflsr gai 
will all o’’ an lnore-se oi »«>■ 

w t h, overall gnln <* «» *»**- '" >UM 

1, constant b, a factor of loo a. 1— W (5 ’' 
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In adnitio the load Inertia referred to the motci- vould be 
dec-eased, by a factor of 100; the friction In the syetc 
be 1 no re-., red by an unpredictable amount; mO additional back- 
lash would probably be Introduced lnt , the ce*r train. While 
these last footers make the exact, prediction of the nycte-i 



performance uncertain when the rear ratio is increases fro., ICO 
to 1000, It is belie V » d that the major purpose— to obtain a 
satisfactory tomue constant v-lth suitable stability— can thus 
be attained. J're-uency response studies after the Introduction 



of the ne- gear ratio -nay Indicate further Improvements which 
could be obtained with passive networks, but It Is considered 
that the chanre In gear ratio should be made prior to any fre- 



auenoy response test. 

ilrce considerations prevented the accomplishment of 
this improvement prior to the submission of this reoort. As 



an interim measuie, the torque constant va g incj eased by sub- 
stituting a Vard Leonard drive system for the ehunt-fleld- 
control motor, as shown in the wiring diagram, Figure II. Py 
compenr at 1 n. this system with a lag network and armature feed- 
Lb.oV (see * if u re II), the torque constant obtained with the ^. r d 
Leonard drive yielded a maximum, torque error, under full load, 
of about 0.5 decree. 

xp^rlm^ntal work vms concluded by testing the ability 
of the servomechanism with the v ard Leonard drive to hold 8 et- 
phaee -angle under varying load conditions of the ph ire-shlf ♦ «r. 
f:ie results of these tests are presented in the Suauiary of Penult b 
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IV. results 



The results of the investigation are submitted in 
two categories, as follows : 

(1) The results of performance teste upon the 
system when the Ward Leonard drive was 
used. These indicate the practicability 
of the phase-sensitive cervoinechanlen. 

(2) The results obtained using the shunt- field- 
controlled drive motor rye ter.. These indi- 
cate the changes in the design necessary to 
accommodate this type of drive which is 
simpler and hence more suitable for use with 
the Network Analyzer. 

(1 ) Result a Using Ward Leonard 

(a) From the data shown in Table I, the maximum 
departure from the set-phae e-angle which results from changes 
in load from 0.4 to 1.0 ampere, is +1.3°* 

(b) Of this error, approximately 0.5 degree can be 
ascribed to load torque and static frlotion in the drive sys- 
tem. (See Figure XI.) 

(c) The remaining error, about 0.8 degree, can be 
attributed to the error-measuring device. 

(d) Under Gteady input conditions, the drift in 
phase-angle observed over a period of an hour ranged In value 
between 0.2° and -0.5°» 
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( ) -enults Tjplng S* un t -Kl*l<? Contro l Syrtepi 

. h<° measured r.4in through Z'r.e 'ertodulu or ^nC 
amplifiers for the uncompensate' shunt-f telr! -control eyst on 
> ae 2.0 mill! t-'ps per decree of °rrj r. rn hic clveg a c .cil- 
iated toroue constant of 14. n in. os. per c^prefi of ^rror. 



.abl^ 



Phase- An,u,le 
for Load of 
0 . ^ ai^ps . 



>ie&Furpd departure from the set- oJ-uee- anrle 
ae load vaB changed to tb» Indicated valu*£ . 
Voltage of ph&se-ehtf ter conn tant ? 5 v. 





0.6 anp. load 0.8 


a no- load 


1.0 air.p. lo^d 


35 - 7 ° 


-0.5° 


- 0 . 5 ° 


-0.9 0 


107-2 


+ 0 . 3 


* 0.1 


0.0 


179-5 


- 0.5 


-0.6 


+ 0.L 


215.8 


- 0.9 


- 1.3 


-0.6 


323.9 


+0 . 3 


-0.1 


+ 0.1 


: All 

cal 


ph.^se- angles measured with 
lbrated phase-shifter. 


the He tvo r v 


Analyser 



- 27 




The generator field current of the Ward Leonard system 
was measured at 36°-intervals as the incut synchro was rotated 
to position the phase-shifter throughout the 360°-ranse. The 
measured gain used during these runs was 40 milliamns ner degree 
error. Although the results plotted above show an unpredictable 
variation indicating the presence of static friction, the maxi- 
mum field -current observed in a number of runs was 20 milli- 
amperes which corresponds to a torque error of 0.5° # 
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/ . 1 lac ups l m of bepul t s 



Ag stated In the Procedure , the use of the ■ ard 
been rd ^rive t \ 4 s ^ natter of exroedieno/. The only purooce 
of this 'modification in the d^lgn *as to obtain in evalua- 
tion of other system components, From this viewpoint, the 
ure of this system • ...e successful in that it alio* ed an 
investigation of the accuracy of the error-measuring system 
under similar conditions to those expected to be encountered 
by the completed design. By measuring the motor field cur- 
rent un* er load c editions and the gain through the error 
channel, it was possible to determine approximately hov ..iuch 
of the measured error was due to the load torque and to static 
friotion in thp system. The remaining: error of about 0.$° 
could only be ascribed to the error-measuring; system. 

Furth a r measurements on the phase-sensitive recti- 
fier disclosed that the transformers were not accurately 
center-tapped. It oan be eho^n (see Appendix) that this vlll 
introduce an error in the circuit which Is direotly propor- 
tional to the magnitude of the error in positioning th° center- 
tap. Any unbalance of the diode unit \ ? ill contribute a similar 
error. If the magnitudes of the input voltagec are held con- 
stant, tMe error onn be corrected by calibration of the Input 
synchro; but reoa^luratlon will oe required for eaoh change in 
magnitude of the Input voltage. An accurately balanoed pbs^- 
senoltlve rectifier required, therefore, for optinur perform- 
ance of this unit. 
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The effects of waveform distortion of the Input 



voltager upon the torujacy of the circuit are not predictable, 
further experimentation may disci ocp that come preliminary 
s naming of the inout voltage vavfp , zih va s im° by J&cobeen , 
vUl be nooeenary in order to obtain the required accu acy; 
but It advisable to avoid this measure If possible, by 

first improving the performance of the existing unit in the 
n&nner specified above. 

The results obtained ^lth the shunt-fielc. -drive 
motor demons irate the necessity for increasing the #ear ratio 
to obtain satisfactory performance of this unit. Vhlle the 
introduction of electrical clumping may present an alternative 
method, of achieving- the same result, it is believed that cue 
to the lov velocity requirements of the system, the change 
in gear ratio is a more desirable solution. 

Since the input voltage to the phase-ee nultlve 
rectifier is limited by the maximum voltage (120 v. ) v'hich 
can be aoplted to the diodes, provision must be made for a 
voltage reduction from the phase-shifter. To minimise the 
load v'hich the servomechanism places on the pVuoe-sMf tpr, 
it appears desirable to accomplish this voltage reduction 
through the uce of a large resistor (about 0.1 megohm) across 
the nh*se-shif ter output. By tap*) n : this resistor at vari- 

ous points, and usinsr this voltage t'* .’rive a bjffer amplifier, 
provision oan be made for lax-re changes in magnitude of the 
ohaee-enlf ter voltages. As shorn in the analyst* of this unit, 
it should, if properly balanced, be insensitive t:> changes in 
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vol-age rar.gnitude within the limit 9 of the diodes. 

Although an attempt was made to calibrate the in out 
synchro- transformer , the results v*»re unsatisfactory. Vhen 
the input dia 1 was rotated through 360° and the outout voltage 
ph~se-angle was measured with the Netv,rh Analyzer calibrated 
phase-shifter, errors as large r e 4.5° were observed. Thie 
may be attributed to errors in the synchr -transformer itself 
and possibly, to the bach-lash in the gearing system. 
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foe f'ilo tf inr is a aufanv.rj. 0 / the r^c ■) • -'*n h t^on^ for 
improve e n to in Vrv* ^nl^h of tn° p,o : e-.-en*? if ive r^rv rro nlsm: 
vl; C hinge the , ear ratio In the shunt-f 1 <-^ d - 
conrroi cirlv^ from 100 to 1000. 

(?) J*e a '-.ore staul^ tube ouch *s the 6s.;7 in t s 
vclt-ae amplifier. The change in gear ratio 
’ill reduce the D.C. nnoll float ion necessary 
to obtain a satisfactory torrae constant, 
and permit t/.e use of a tu&e • ith lover gain. 

(3) Improve the performance of th* phase-sens! tiv* 
rectifier by procurement of more carefully 
selected components. 

(-) Construct a circuit to provide Tor major 

changes in niaenltu e of phare-ehif ter v -Ib.ge. 

( 0 ) Improve input synchro ry stem including gearin', 
ta ailotr final calibration. 

In addition it i3 recommended thc-t the two-pnaae 
drive motor system outlined in the Appendix be investigated 
further. 
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A. Investigation of ~leclr jnlc r C lr o u Its 



The original aim of this thesis ^ r ae the contlnua- 

2 

tlon of the development, started by Mayer and (Ho. t , of a 
pover-sensit ive servomechanism for the network anily* ,ft r. 
Problems are f recently encountered where it ia deeir. .ble 
to hold the oo^er output of a particular phase- shifter at 
a constant value, and as in th* case of the pluse-sens ltive 
servomechanism, the pover^sensitlve servomechanism would 
result in a reduction of time required to set up this ty jb 
proble . The authors 1 work on thl3 problem consisted of 
the investigation of two electronic circuits which showed 
promise of serving go power-sensitive elements. I ? rom the 
results of this investigation, it vo.s concluded that neither 
of then© tvo circuits -as sufficiently accurate and stable 
to serve the purpose intended. The nost ntraight-i orvard 
method of obtaining a po Tr e 2 vsensitivs element iB therefore 
considered to be the adaptation of one of the standard 

l 

dynamometer- type wattmeters or watt-h^ur meters to uroduce a 
voltage signal proportional to po T 'er. 

The tine available for development of such a po T *er- 
eensitive device was inadequate and the authors Instead 
turned their efforts to the development of the closely allied 
phase- sens it ive servomechanism. As a possible aid to future 
invest i ators the following brief summary of the experimental 
work on the electronic wattmeter circuits is presented. 
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The firet circuit lnves tlga t*d developed by 

2 

The Pierce circuit as modified by Ka yer and Gl<x t 




is ehcnm In Figure XIII. The short time available to ‘layer 
and Glodt prevented th^ir obtaining conclusive results vlth 
the circuit and th* advantages of an electronic vattneter 
element In the servomechanism application prompted further 
experimentation. 

Pieroe's uee of a multi electron e tube as a w.tt- 
neter c^n be explained by the use of Flpure XIV (a, b, *.nd c). 



i ^ 



T 



I 





V|, 

C u ) 






Ip v ^ 'J c ' 

Va.k'misjC E^, 



f 



F \( t uPl Xiv 



36 



In Figure XI 7 (a), 0 o ?nd G- are h®l* .t positive 

fixed uotentials above Che oathode. G, and G are biased 

l 

with a negative potential with respect to the cathode. In 
ouch a o. se, the current pass inn through G^ f I to depend- 
ent only on the potential of , bein^ independent . of the 

potential of G. . The proportion of I . reaching the plate 
4 gl 

la, however, dependent only on the potential of G^. 

For these conditions, I - It* $> (E »,). 

P gl x gA 

If I as a function of Z , , with F ..fixed at vari- 
P gl 

cue values, can be represented by a series of straight llnee 

terminating at a point as shown In Figure XIV (b) 

then, I - K(G - A) 

gl 1 

If, also, 1^ as a function of ft for some value 
of In this region, Is a straight line, then 



L(E g;+ ) K 2 (G 4 -A 2 ). 



Ip will then have the form. 



-- AS. 
P gl 



BE gl E g4 r CS g ;4 v D 



The terms, AE^ and CE^ are of an alternating our- 
rent type. The direct current of the product term will, there- 
fore, be proportional to the power if the grid signals are 
made proportional to th® voltage and current to the load, ae is 
done in the circuit, Figure XIII. The abov* 3 exolanati m is 
paraphrased from Pierce's paper'*' and the reader is referred to 
thlf^ ouper for further Information and details. The 6A8 tubee 

o 

used by h'ayer and Glodt are a replacement type for the 2A7 
tubes originally used by Pierce. 
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Preliminary tests on the ciroult of Figure XIII 
yielded the following results: 

(1) The circuit response vac linear under varying 
oon&ltlone of voltage and current > if the power 
factor of the load was h<*lrt constant, as shown 
in Figure XV. 

(2) The circuit response to variable power- factor 
loads is shown in Figure XVI. If the voltages 
and current were held constant c--.nO the po tr Pr 
factor of the load varied, <i linear variation 
van obtained hut the line did not pass through 
the origin. Bee Curve 1, Figure XVI. That is, 
a zero power indication would not have resulted 
for a zero power- factor load. Pierced results^ 
indicated that hln original circuit had net this 
test. 

Vfhen the load power > r as held constant and 
the porter factor varied, the rpaulto were us 
indicated by curves 2 and 3 of Figure XVI for 
50 - and 30- T, att l 0 c*de , respectively: Curve 3 

la Included since it was the only run taken which 
Included a lagging- power- factor load. Curve 2, 
Figure XVI, shows that the response to a constant- 
power, variable- power-factor, load 1 b nearly linear. 
Curve 3» Figure XVI, shows that the slope of the 
"line' 1 oontlnues in th a sane direction for leading 
and lagging power factors. 
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If It I s * th.t the ph -e*-chift in « .ch 

transformer is not th* i ar , ie there results can be *?. lain^d. 

It is tn.it if curv c 3» Figure .'/l were extendi into 

the region of very lov: power factors, the sloo** of top oti ve 
would r^v^rse *t s >mc >oint where the actual inputs to the 
circuit were in ph^ee. It ’/afl therefor^ deduced that, if » 
phase- shifting circuit ’ ere introduced into one of the in- 
puts in such a manner that the Input aicn-ls would actually 
L9 in phase for a unity power-factor load, the circuit re- 
sponse would be improved. 

Accordingly, the circuit was modified ti plaoe a 
variable Ottpacitance in parallel with the transformer which 
received the signal proportional to voltage as shown in 
Figure XVII . 



IOQk 




Fig. XVII 

The resell tB of this change ar* shown in the plots 
of Figure XVIII. The constant-voltage, constant-ourrent run, 
curve 1, passes through the origin as required. The constant- 
power run curve 2, is more nearly parallel to the horizontal 
axis. By variation of the phase-shift introduced, the slope 
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of thie line can bn varied. at will in act «* ounn* r th *t the 
response over a limited rurue of po’^r factor is nearly con- 
stant. A demonstration of this central is .Iv^n by curves 2 
and 4 in which the elope i s shifted through the horizontal 
uy a variation in the phase-shift introruced. (Note; curves 
l and h were taheo at a later date than curves 1 ancl 2 and are 
not directly comparable due t j various circuit oharvzea i^de in 
the intervening period.) 

Although not confirmed, it appeared tb_.t the phase- 
shift old not occur, except lr» part , in the transformers. do 
atter.pt vas made to Isolate the phase-shift since It could be 
corrected. It v&e noted, however, that the amount of correction 
necessary changed when the 6A3 tubes were Interch&n ea or re- 
placed. 

lecplte the fact that the results of Pierce v'em thus 
duplicated subsequent experiments made it apparent that D.C. 
drift of the circuit was excessive for the application intended. 
Extensive teste led the authors to the conclusion that the main 
CuUSfi of this drift a change in tube characterise tioc. 

Due to the drift difficulties encountered with 

n 

Pierce* s circuit, investigation of the PI Said circuit' was 
confined to t°sts for drift. Tests on tube 954 uBed in the 
K1 Said circuit showed that it Tf c also s^b, ect to drift to 
the extent that its use would render a * it tme ter circuit in- 
accurate unless freruont recalibrations tp ere made. Such r°- 
callbratione were considered to be impractical. 
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B. A Proofed : r , c^v.u > ° for baMn: a .-'r^ouen^y- 
on the Phae e~£enp 1~. tv p .>rvnnrc ,, nls. 

Since the obs erved p c 'rfo , "n nee or the system indt- 
c/.tec that there lr an apor r olnblr- 1 >r; in the po r.p-fipr.° 1 tive 
rectifier, ..iny frequency- re sconce tests upon the eyete** fhoulr. 
lrclude this unit. Ac the proposed, chan . * in *or.r ratio to 
1000 rill make the closed-loop ays tea sufficiently stable for 
f re Mjency-responFp testa (or will make them unnecessary), the 
method orooooed belor is for a cloeed-loop t»=ct. Ho* ^ver, 
it can be easily adapted to an jpen-lrop test, if de i ed. 

In order to obtain a sinusoidal input signal a 
variable-speed drive le utilised t <* oscillate the input syn- 
chro through an eccentric drive, The rpe*& of the drive should 
be adjustable to one cycle per rooond, or less, einoe the reso- 
nant frequency is about t9n radians per secukl. 

The input and output voltages ar bucked against 
comparing voltages of the sane magnitude to obtain a signal 
vhich is proportional in magnitude to the two— phase angles. 

See Figure XIX. 

Since these voltages ire not grounded, t v :ry are 
sent through isolating transformers to permit grounding one 
eiue of the input to the Bruch recorder amllfiere. 



- 44 




PROPOSED FREQUENCY- RESPONSE 
TEST ARR&NOETEKT 



FIGURE • XIX 
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C . a p ck eltj3 f hethoi > 



* In a 



iiUt' e 



■ otor 



As mentioned in the body of this ren 0 .t, the system 
pr esently p’r i r/M on the Fet* ^r K Analyzer to K" u 8uri» 
an gif! is to null the unknown voltage against the output frvn 
a calibrate"* uhace-Bhif ter . The uocuiacy and rir.pl city of 



the method promts the proo 
ui fi in a oVu p e-c onr i t iv e a 
Figure XX. 

From Figure XX , for 0 




oe a for employing the null 
ervom-»chc.nisn as iivUc.- t»fi 



K 1 K. r -v rKbsK T 



r ced- 
ln 



r~ 




The voltage of 
potentiometer to he equal 



US) 

the phase- eh if ter Is tapped off thf 
to the input eynchro voltage. Vhen 



the two voltages are in phase, the voltage applied to the 
control phase will he zero. 

If the two vol taxes move out of phase, a resultant 
v Itage, Vo, is amplified and ao oiled to the control phase, 
f^ince is at )0° to V^, a motor torque will result. If 
and V„ should differ in magnitude, a voltage, , will be 
applied when the two voltages are in phase, but the motor 
tor ue at standstill will he zero. 

Fron Fauation (6), the over- ill to roue constant, 
Tj/g 3G , will be proportional to r, the gear ratio. The 
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allowable' pain for stability vlll, ho* ev^r, be inversely 
proportional t r. T>y ueinc-'* a sufficiently la rye value 
of ge. t r ratio, it should be possible to ^ .Ke tne system 
sufficiently n Ftiff. H A.C. arplifierc can be used through- 
out the s3 r nteT*, thus minimizing problems of dri^t. 





PROPOSE D CIRCUIT USING A 
TWO- PHASE MOTOR. 

FIGURE XX 
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D. fhe follovin_ brief ^n^lysi ie included t canons rate 
the effects of unb-l^noe in th* phase-/ ene^ tive rect'fier 
circuit: 

As shovn in the body of thie report, r.^ro direct 
current output of u. correctly balanced phase-rens itive 
rectifier requires a 90 °- phase difference betre d n the input 
volta-.ec and is Independent of the voltage magnitudes * ithin 
the Unite of the dlodee used. If, hovever, transformer T 1 , 
of Figure V, is not accurately center- tapped, the phase dif- 
ference required for zero output voltage (D.C. } becomes a 
function of the magnitude of unbalance. 

Assume in Figure VI, that 'T5c[ ic made larger than 
i aU( by an amount A’Uc so that |bFl - | at) 1 1 | A be | . 

For zero b.C. output, | | 

l V l| ~ | J | A be | + BcfcosS f j j 5cT | sinS 

|v 2 | =-j|aE| f j I bd| sinS + T55coe« 

J(atr| -l-J £ibc t- JMsln« | = | -Jab +- Jbdsln*| 
ab 1 ' aFc h bdeinQ = aF - BFein^ 

sins - I 

I 2TSTT 



- Ap - 



* or *53 constant in langnltude, <9 will vary 
directly as the magnitude of the ln.^ut voltage \T5c \ 
up to a 11' it s®t by the anount of unUxlance. Unb^lanc 
tub a charaoterlB tics voulti contribute a elnilar error. 



E. Sample Calculation 

1 . lo det*>rr. Inc amplifier re^ut 

Although eone of th- p-a'^.v in th^ & lag run 
(Fi ure I\) are not: cute* Aible t' rai; ne. euresif nt , „nc 
no attempt v -wS riade to define th p tr^nr r er function jf the 
phase- chi f ter itself, the <•■ nations derived from this uCaiyci 
serve to indicate the influence of certain p- rnmeterfl on °ye- 
t-en performance. 



vhich vlll allow the prediction of th* error caused by a 
load torque, consider constant: 

Then 



To evaluate the tornue onsirnt, F ^ , 



<- steady state 




r(J M ♦- -^)s 



1 



f Wi»2h. 

2 i- Fs <- r f f eb, 



3inoe $ Q - £ , for flteady-loab torque 




For the assumed lo^d to roue of 7 ft-lbe. and 



a torhi** er^or jf O. 5 0 . 




2 ft-lbr. ;-.^v 



— - - 7(Pj in-op. o ; -r u^rp° 



SI 



Assuming input voltage tu the demodulator are ap- 
proximately 00 volts ma from the phase- shifter and hr volte 
rms . from the synchro- t ran. ef rmer: Then fro^ *:cuation (3). 

- . ! v i -i v - 

e 

«0.6Z' ; volt°/d* re 



2TTS’ TxT 



2 ( 2C )40 
ffooo" 



z 35-6 vol tr/r'&dian 



(Note: This calculation is in error by the modification in- 

troduced by the filter circuit but it iodloates primarily the 
order of magnitude expected, ) 

Available information on the motor indicated that a 
toroue constant, K^, of about 77 in- 02 , per ampere could be 
expected. 

ftuostitut Inc theee valuer; In Equations (5) and (6), 
an estimate of the anollfipr gain renuirementc was *»ade: 



= 0.6 volt/degree 
K m r 77 in-oz./amp. 
r = 100 






r P +r f 



-L 



76 8 



^ C.l6? amo. 'volt. 



£ rK .K 
JS dm 



As tuning, 



100(77 ) ( 0. 6} 

gm = 5000 cho^ (for use of 6L6's 

in po> r er .mull ?! ) 



K, = - ~ S VOlts/volt. 

5000 V 10” 6 

Accordingly, a 6SL7, hcvvieja of hu 



1 s ed . 



2 . Caioula Slone f ir c e constant -our ret it sourpp 



(See Figure X.) 

Motor Data: 

Rated Ama .ure Cu.rxpno - 0. a- . . 

Araature Resistance ^ ? = 35 

u 

Rated Armature Voltage - E a - 11C v. 

6L6 Beam Power Amplifier Tube Data: 

Allowable Plate Dissipation ~ I'j watte 
Allowable Screen Dissipation =• 2.5 vat to 
At standstill , motor voltage - I R p -- ( . 5 ) ( 35 ) = 17-5 v. 
From tube oharacteris tics , plate voltage = 152 volte. 

Plate current per tube - O. 50/6 - 0.08d pjvob. 

Plate dissipation = (152)(0.083) - 12.6 watts per tube 

.t full speed , motor voltage - 110 volte 
Tube plate voltage - 70 volte 
Plate current p®r tube = 0.075 amps. 

Plate dissipation * (70)(0.075) = 5-25 vatts 
b'ote: (1) It was decided to operate near the “knee 0 of 

the tube characteristics In order that excessive 
voltages would not be ao lied to the motor under 
lov-torrue conditions. 

(2) Tube 'lata available was not sufficient to allow 

accurate calculation of screen disc ipation. blnce 
rough calculations indicated tiut screen grid 
dissipation would be e^cesrlve for the use of > 
or 5 tubes under the desired conditions, 6 tuues 
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er° k *£. mental r^eultp nirht Indicate 

tbit j o r ' ever 4 f tube** coulc jo r. u t if facto rlly 

’ 13 . 

) Toe entire circuit vac deBign^o ith the intention 
of usin' the 2?0-volt D.G. mains and thur. elimin- 
ating the n*ed for an electronic >ov*er f u >oly. 
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Table IX 

Calibration of Input Synchro- Vr. ms ferae r 



Measured I ha 6 e 



Dldai Setting* 


of Synchro Volt^gp 


Err r 


0 ° 


0.1 


0.1 


36 


12 . a 


- , 2 


72 


71-6 


- 2 t 

O 

1 


103 


105.0 


- 0.0 


144 


140. C 


-4.0 


180 


178.6 


- 1 . 


216 


211.9 


-4.1 


?51 


248.5 


-3.5 


263 


235-3 


-2.7 


324 


321.0 


-3.0 


360 


362.9 


2.9 
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Table III 



o n ft ;^un : 



Fh ise-shl f ter 


output /oltage constant, 


76 v. 


?has0-ah! f ter 


load constant. 


400 w*. 


Input synchro 


8« t tin;* constant 




~lme Venaured phase *nr}« 

of nhp.*e-ehtfter 
volte. kf In \ecrro0B . 


Drl ft 
( Te^re 


1050 


324.4° 


- 


1102 


324 .2 


+ 0. 2° 


11 Of 


324 . <3 


-0.5 


1114 


324.3 


+ 0.1 


1116 


324 .6 


-0.2 


U33 


324 


-0.4 


1141 


324 .7 


- 0.3 


1146 


324.2 


-bO.2 


1150 


324.5 


-0.2 
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